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Abstract

We study the dynamics of the probe fundamental string in the field background
of the partially localized supergravity solution for the fundamental string ending on
Dp-brane. We separately analyze the probe dynamics for its motion along the world-
volume direction and the transverse direction of the source Dp-brane. We compare the
dynamics of the probe along the Dp-brane worldvolume direction to the Blon dynamics.
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1 Introduction

The source and probe method has been useful for studying the bound states of branes.
In this method, it is assumed that the source brane is much heavier than the probe
brane. Thus, although the probe is under the influence of the fields produced by the
source, the probe has no influence on the source field configuration. So, the source
and probe system is described by the Dirac-Born-Infeld (DBI) or the Nambu-Goto
(NB) action of the probe brane in the ‘static’ field background of the source brane.
Such method has been successful in reproducing the brane intersection rules [1] and in
studying some dynamics or statistical mechanics of branes, e.g. Refs. [2, 3, 4, 5, 6].

The source and probe method is useful especially when one wants to study intersect-
ing brane configuration, since completely localized supergravity solution for intersecting
branes are not yet available. Note, for delocalized supergravity solutions, a constituent
brane is not localized on the worldvolume of the other constituent. So, delocalized
solutions are not useful for studying, for example, the dynamics of a brane constituent
within the worldvolume of another brane constituent. For such study, one lets one
constituent to be the probe and another constituent to be the ‘static’ background in
which the probe moves. However, this method cannot be applied if one also wants to
study the interaction among branes of the same type while these branes move in the
background of brane of another type. It is the purpose of this paper to study such
case.

In Refs. [7, 8, 9, 10], various types of (partially) localized supergravity solutions for
intersecting branes in the core region of one constituent brane are constructed. For
such solutions, one constituent is localized on the worldvolume of the other constituent
(while the latter brane is delocalized on the former brane), provided that some of the
overall transverse directions are delocalized in some cases. In this paper, we study the
dynamics of the (localized) former type of brane (brane 1), which not only interacts
with the (delocalized) other type of brane (brane 2) but also interacts with another
brane 1. One can describe such dynamics with the DBI or the NG action of the brane
1 in the background field configuration of partially localized intersecting brane 1 and
brane 2, where brane 1 is localized on brane 2.

One can apply this method to study the dynamics for any type of intersecting brane
configurations by using the partially localized intersecting brane solutions and applying
the similar procedure as the work of this paper. But we will restrict our study to the
case of the fundamental strings ending on Dp-brane, because for this case the dynamics
of the corresponding worldvolume solitons, i.e. the Blons [11, 12], is relatively well-
understood, e.g. Refs. [13, 14, 15]. As we will see in the following section, we however
find disagreement in dynamics of the probe fundamental string with the dynamics of
Blons. This seems to be due to the fact that the supergravity solutions for intersecting



branes used in this paper is not fully localized ones. Namely, for the partially localized
intersecting brane solutions used in this paper, the location of Dp-brane along the
longitudinal direction of the fundamental string is not specified, whereas the scalar field
of the Blon solution specifies such location. Also, it might be due to the difference in
approximations used in the calculation of brane dynamics in the source-probe method
and the worldvolume soliton method. However, the comparison of supergravity and
worldvolume aspects of brane dynamics discussed in this paper may turn out to be
useful in other relevant studies and when fully localized solutions are available.

The paper is organized as follows. In section 2, we summarize the partially localized
supergravity solution for the fundamental string ending on Dp-brane. In section 3, we
study the dynamics of the probe fundamental string in this supergravity background,
closely following the previous works [2, 5] on the dynamics of the probe branes. We con-
sider the cases where probe fundamental string moves along the longitudinal direction
and the transverse direction of the source Dp-brane, separately.

2 Partially Localized Supergravity Solution for the
Fundamental String Ending on Dp-brane

In this section, we summarize the partially localized supergravity solution for the funda-
mental string ending on Dp-brane ? constructed in Ref. [8]. The string-frame effective
supergravity action for such configuration is given by
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where GG and R are respectively the determinant and the Ricci scalar of the spacetime
metric Gy n (M, N = 0,1,...,9) in the string frame, ¢ is the dilaton, Hj is the field
strength for the the 2-form potential By in the NS-NS sector, and F,o is the field
strength for the (p+1)-form potential Aps,...az,,, in the R-R sector. For the p = 2 case,
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in the action.
The supergravity solution has the following form 3:
1 1
Gundadz™ = —Hp'Hp, *dt* + Hp *(daf + - - + da?)
1 1
Hp'Hi dy? + Hj (dz} + - - - + dzE_),

20f course, this supergravity solution does not strictly correspond to the fundamental string ‘end-
ing’ on Dp-brane, but rather corresponds to the fundamental string ‘piercing’ through Dp-brane. But
at this moment, this supergravity solution is the closest that we have.

3Similar class of solutions was first constructed in Ref. [7]
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where the harmonic functions for the fundamental string and the Dp-brane in the near
horizon region (|2'— zy| = 0) of the Dp-brane are respectively given by
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Note, these harmonic functions describe the localized fundamental strings on the Dp-
brane only for the p =5 case. (When p = 6, the harmonic function H, is logarithmic
and therefore this supergravity solution is not valid. For the p = 7 case, the spacetime
is not asymptotically flat.) For the p < 5 case, one has to delocalize 5 — p of the overall
transverse directions in order to localize the fundamental strings on the Dp-brane.
Harmonic functions for this case are given by
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Note, in the expressions for harmonic functions in Eq. (4), Z' is the part of overall
transverse coordinates where the branes are localized. Namely, Z in Eq. (4) is three-
dimensional.

In this paper, we consider the case in which all the fundamental strings coincide at the
origin of the Dp-brane worldvolume space (i.e. Zy; = 0, for all i) and the fundamental
strings and the Dp-brane meet at the origin of the overall transverse space (i.e. zy = 6)
The harmonic functions (3) in this case take the following forms:

1+ 52 p<5
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where x = |Z| and z = |Z].

3 Dynamics of the Probe Fundamental String

In this section, we study the dynamics of the probe fundamental string that moves in
the background of the source fundamental string ending on the source Dp-brane with
the field configuration given by Eq. (2). We will assume that (i) the source brane is
much heavier than the probe brane, i.e. there are large numbers of coinciding source
fundamental strings and source Dp-branes, and (i) the velocity of the probe funda-
mental string is very small and changes very slowly. Based on the first assumption, we
neglect the backreaction on the source due to the moving probe. The second assump-
tion implies that the radiation will be negligible, allowing quasistatic evolution of the
system which is described by the geodesic motion in the moduli space.



The action for the probe fundamental string with the tension 7T moving in the curved
background is given by the following Nambu-Goto action:

- 1 N
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where G, and By, (a,b = 7,0) are respectively the pull-backs of the spacetime metric
Gy and the NS-NS 2-form potential By;n to the worldvolume of the fundamental
string, namely

Gab = GMN&lXMabXN, Bab = BMNaaXM&,XN. (7)

In the static gauge (X° = 7 and X! = ¢ with X! being the longitudinal coordinate of
the fundamental string), the pull-backs take the following forms:

éab =Gy + Gij&lXi&,Xj, Bab = By + Baj&,Xj + Bz-b&lXi, (8)

where scalars X are the target space coordinates for the transverse space of the fun-
damental string.

Note, the above action (6) describes the probe fundamental string moving in the
background of fields produced by the source brane configuration. Namely, G,y and
By in Egs. (6) and (7) are the fields in Eq. (2) produced by the source. Also, in the
supergravity solution (2), the coordinates #, y and Z correspond to the target space
coordinates X of the probe fundamental string and are assumed to be functions of time
7= X? only, i.e. ¥ = Z(7). Namely, the probe fundamental string moves in the source
background without oscillating. Therefore, the probe action (6) takes the following
form:

S = —Tf/deO [\/—(—Hngg”Q + Hy Po? + Hy*0d) HE Hy® — Hy!
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where v and v, are respectively the speeds of the probe fundamental string in the
longitudinal direction Z and the transverse direction Z" of the Dp-brane:

P dx; 7 dz
= )2 = —)2, 10
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Since the configuration under consideration is assumed to be independent of the longi-
tudinal coordinate X' = o of the fundamental string, the integration (with the possible



regularization) with respect to o in Eq. (9) just gives the volume factor, which com-
bines with the tension 7T of the probe fundamental string to give the mass my of the
probe fundamental string in the third line in Eq. (9). So, the above probe action
S effectively describes the dynamics of a test particle with mass m; moving in the
background fields.

In the core region of the fundamental string and the Dp-brane (z &~ 0 and z ~ 0) or
in the large source charge limit (Qp > 1 and @), > 1), the harmonic functions in the
action (9) have the following forms:

Qr 5
TG P < Q
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In the case of the delocalized intersecting source configuration, the harmonic functions
have the following forms:

QF Qp
HF:1+Z6—_p, Hp:1+z6_p

, (12)

where the constant terms 1 in the harmonic functions are absent in the near horizon
region (z ~ 0). Note, in the partially localized case with the harmonic functions
given by Eq.(11), unlike the delocalized case with the harmonic functions (12), the
background geometry has the explicit dependence on the radial coordinate x of the
worldvolume space of the Dp-brane. This makes the study of non-trivial dynamics of
the probe fundamental string in the relative transverse space possible.

So, explicitly in terms of the parameters of the source supergravity solution, the

probe action (9) in the core region of the constituent source branes takes the following
form:

! Qr (140,97 2(a®+4Q2)F |
where n =6 [n = 7] for p <5 [p = 5], and
A Qrvjf  Q,Qrv?
S:—mf/dT o { R 'l (14)

for the delocalized case.

These actions for the probe fundamental string effectively describe the dynamics of
a particle with mass my moving in a velocity dependent potential. When the motion
of the probe is restricted either to the relative transverse space (with the coordinates
Z) or to the overall transverse space (with the coordinates Z) of the source brane
configuration, the force on the particle becomes central, as well.



For the purpose of analyzing this motion, we set all the angular momenta of the probe
except one in each space (J| # 0 in the relative transverse space and J; # 0 in the
overall transverse space) equal to zero. And one introduces the polar coordinates (x, §))
and (z,0,) in the rotation planes respectively associated with the angular momenta Jj
and J;. Then, the velocities v and v in the relative transverse space and the overall
transverse space, defined in Eq. (10), are decomposed as

vﬁ =i+ xQGﬁ, v o= 2+ 2203, (15)

where the dot denotes the differentiation with respect to the time coordinate 7.

Then, in general, the angular momenta Jj and J, and the energy E of the probe
are given by

J . . oL . mfx29||
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So, explicitly the expressions for the angular momenta and the energy of the probe
fundamental string in each case are as follows:
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for the delocalized case.

3.1 The motion of the probe fundamental string in the relative
transverse space

In this subsection, we study the dynamics of the probe fundamental string whose mo-
tion is restricted to the relative transverse space of the source brane configuration. In
this case, v; = 0 and the coordinate z is constant in time. Generally, the angular mo-
mentum Jj in the relative transverse space and the energy E of the probe fundamental
string have the following forms:

g
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So, explicitly the angular momentum and the energy for each case are as follows:
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for the delocalized case.

From the above expression for the energy E of the probe fundamental string, one
obtains the following kinetic relation:

1 1+—HF

E = imfvﬁ +Wix); W(z)=E[l- m , (22)



where the harmonic function Hp is given by Eq. (11) or Eq. (12). By further using
the expression for the angular momentum Jj in Eq. (19), one obtains the following
kinetic relation for the radial motion of the probe:

Eelmi vy V)BT !
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(23)

So, the radial motion (along the z direction) of the probe is that of the test particle
with mass m; moving in a velocity-independent central force potential V' (x).

In the partially localized case, the effective potential V(z) is explicitly given by

L4ty p i
V(flf) — E[ . 2(z 42462?2)2 ] + Il (24)
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where b is the characteristic scale given by

_ (EQFY, (25)

where n =6 [n = 17| for p <5 [p=5].

The dynamics of the probe fundamental string along the radial direction x can be
studied by analyzing an effective velocity-dependent central force potential V(z) in
Eq. (23). In the “delocalized” source background with the harmonic function Hp in
Eq. (12) being independent of the radial coordinate x, the dynamics of the probe
fundamental string in the worldvolume space of the Dp-brane is trivial: the only force
on the probe is the repulsive centrifugal force due to non-zero angular momentum Jj
of the probe. However, with the partially localized source background, one can study
non-trivial dynamics of the probe fundamental string since the source fundamental
string is now localized on the source Dp-brane and therefore the effective potential
V(z) in Eq. (24) has explicit dependence on z.

At large distance x > b from the source fundamental string, the effective potential
in Eq. (24) takes the following form:

3E*Qr N Ji
2my (22 +4Q,2) 2

(26)

Visy — 2mfx2‘
So, the motion of the probe fundamental string is qualitatively similar to the motion in
the background of the source fundamental string only, except that the strength of the
repulsive potential (the first term in Eq. (26)) is decreased due to the presence of the
source Dp-brane. This contribution from the source Dp-brane gets enhanced for larger
Dp-brane charge ), and at larger distance z from the source Dp-brane. However, the
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centrifugal potential (the second term) remains the same regardless of the presence of
the source Dp-brane.

At short distance z < b from the source fundamental string and very close to the
source Dp-brane (2 < b*/Q,), the effective potential is approximated to

myJi (22 +4Q,2)"

mf n
V;i<<b, 2b2/Qp E— (xQ + 4sz) 2+ 2E2Q%‘ T2

2QF

The (energy E independent) repulsive potential term is enhanced again due to the

(27)

presence of the source Dp-brane: for larger (), and z, the repulsive force becomes
stronger. Unlike the case of the long distance region, the probe fundamental string
now feels the effect of the source Dp-brane on the centrifugal potential when the probe
fundamental string gets very close to the source.

We now discuss the motion of the probe fundamental string in the source background.
The turning points, where the radial velocity & of the probe becomes zero, are located
at the values of x where E = V(x) (Cf. Eq. (23)) and therefore are the roots of the
following equation:

b" o
2(x2 +4Q,2)7 a2’

where b is given in Eq. (25), b, = J|//2msE and again n = 6 [n = 7] for p < 5

[p = 5]. This equation always has one positive root = for non-zero angular momentum

1+

(28)

J) of the probe. And when Jj = 0, there is no root z for this equation. Furthermore,
the radial force F(z) = —%ff) on the probe diverges as # — 0, when Jj # 0. On the
other hand, when the angular momentum Jj is zero, the force vanishes at x = 0. So,
the motion of the probe fundamental string can be summarised as follows. When the
probe has non-zero angular momentum, the probe will always be scattered away when
it reaches the source fundamental string. When the probe has no angular momentum,

it will eventually be absorbed by the source.

In the following, we compare the dynamics of the Blons, which is previously studied
in Refs. [13, 14, 15], to the dynamics of the probe fundamental string along the
worldvolume direction of the D-brane studied in the above paragraphs. It is natural to
expect that these two systems have the same dynamics, since the Blons in the (p+ 1)-
dimensional DBI theory are interpreted as the ends of fundamental strings on Dp-brane
in the very weak string coupling limit (g; — 0). Namely, the motion of the ends of
the fundamental strings on the D-brane along the D-brane worldvolume direction is
essentially the motion of the Blons. However, as we shall see in the following, our
description of dynamics of the probe fundamental string studied in the above is too
simplified to reproduce the dynamics of the worldvolume solitons, i.e. Blons.

In the following, we summarize the dynamics of the Blons, studied in Refs. [13, 14,
15], for the purpose of comparing the dynamics of Blons to the dynamics of the probe

9



and for the purpose of fixing the notations. The (p + 1)-dimensional DBI action has
the following form:

SDBI = —/derlJ\/— det(nMN(?uXM&,XN + F;w); (29)

where nyy (M, N = 0,1,...,9) is the metric for the Minkowskian target space and
F., = 0,A, —0,A, (u,v =0,1,....p) is the field strength of the worldvolume U(1)
gauge field A,. In the ‘static’ gauge, in which the worldvolume coordinates o* are
identified with the target space coordinates as o = X* ((XM) = (X* X™) with
m=p+1,...,9), the DBI action (29) takes the following form:

Sppr = — / oy /= det(n, + 0, X0, X™ + F,). (30)

The ends of the fundamental strings on the Dp-brane worldvolume correspond to
the Blons which carry the electric charge of the worldvolume U(1) gauge field A,. One
scalar, say X := XP*! associated with the longitudinal direction of the fundamental
string in the target space is non-trivial. In general, the Blon solution has the following
form [11, 12]:

A= —H, X=H: H:%:‘&_q#, (31)

where & = (o, ..., 07) is the spatial components of the worldvolume coordinates (o*) =
(1,7) and & is the location of a Blon with the electric charge ¢; in the worldvolume
space.

Since we are interested in the low velocity dynamics of Blons, it is sufficient to
consider the following linearized approximation to the DBI action (30):

1
Sppr ~ /dp“a[émnn“”@uXm@,,X” -+ iFw,FlW]

1
1 1
— 5 /dp+10'[7]lﬂ/auXayX + iFNVFHV:L (32)

where in the second line only one scalar X associated with the longitudinal direction

of the attached fundamental string is kept.

To study the dynamics of the Blons, we allow the locations of the Blons to change
with time, i.e. @ = Z(7). So, U, = %T(T) is the velocity of the k-th Blon with the
electric charge g;. One has to also add the following source term Sgouree for the BI U(1)

field A, and scalar field X, and the free term Sk for the Blons:

oxt!
Ssource = (2 - p)prl Z/dT [QkX - U/% + q]CAMa—Tk]’
k

Stree = —zk;/dka(e)\/l — v}, (33)
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where Q, 1 = 2% /T'(2) is the volume of the unit (p — 1)-sphere SP~! and my(e) is
the ‘regularized’ mass of the k-th Blon. Here, € is the cut-off for the radial distance
from the Blons, i.e. we restrict ourselves to the region |6 — Z%x| > €. Then, mg(e)
corresponds to the mass of the fundamental string whose length is truncated due to
the regularization [11]. The source term can be interpreted as being related to the
bulk supergravity configuration. Namely, the Dp-brane, whose shape in the (z, X)-
plane is given by X(z), is the source of the first term in Sgouree, and the the end of
the fundamental string on the Dp-brane is the source of the worldvolume U(1) gauge
field A, (the second term in Sgource describes such coupling). Spee is the action for the
Blons with masses my(e).

Note, since the Blons, which carry electric charges, have non-zero velocities, the
magnetic field is induced and the velocity dependent force will also be induced. To
study such and other effects on the Blon dynamics due to non-zero velocities, one
perturbs the fields around the static configuration (31). Then, one substitutes the
perturbed fields, which satisfy the equations of motion to the order O(v?) in the velocity
v of the Blons, into the action S = Spgr+ Ssource + Stree i Order to obtain the following
on-shell effective action for the Blons to the order O(v?) [13, 14, 15]:

T — U
S ~ Qp 1/d72mk vi + (p—2) plzqwe ’k ol ], (34)

k<t w‘p 2

for large separations |7} — 2| > 0 for Blons.

The system of the probe fundamental string (with the action (6)) moving in the
source background, given by Eq. (2) with Eq. (5), is the bulk counterpart to the
dynamic system of two Blons in the (p + 1)-dimensional DBI theory. In this case, the
indices k and ¢ in Egs. (31) and (34) run from 1 to 2. We let the first [second] Blon
correspond to the probe [the source] fundamental string. This is a two-body system
under a central force. Such system can be reduced to an equivalent one-body system
by replacing the positions x; and 7, of the Blons by their center-of-mass position
R= (ma @y + mads)/(my +my) and relative position 7 = #; — Z3. The action (34) then
transforms to the following form:

p

-2
S = TQp_l /dT[MV2 + pv® + (p — 2)Q, 1

2
q1G2v
), (3)
where M = m; + my is the total mass, ,u = mymso/M is the reduced mass, V = |dR
is the center-of-mass velocity, and v = || is the relative velocity. Thus, the motion
of Blons is described by the geodesic motlon in the moduli space with the following
metric:

ds?q = MAR? + [+ (p — 2)Qp1 ZL1a7, (36)

rp—2
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As expected, the center-of-mass moves freely but the relative motion of the Blons
is under the influence of a velocity dependent central potential. Since the source
fundamental string is assumed to be much heavier than the probe fundamental string,
the second Blon is much heavier than the first Blon, i.e. m; < ms. Then, the action
(35) in the center-of-mass coordinate system (V = 0) is approximated to *:

p—2 Q27
S~ ?Qp_l /dT[mlv% + (= 2)2 rp—21]7

(37)

which describes dynamics of the first Blon in the background of the second Blon, which
is fixed in space.

In order to compare the above result for the Blon dynamics to the bulk theory
result, one has to obtain the velocity dependent potential from the energy E of the
probe fundamental string in Eq. (20). In the limit of very small probe velocity (v = 0),
the energy E of the probe fundamental string in Eq. (20) is expanded in powers of the

velocity as

1
E = —m 02
2mf11|| +

3mQrvj 5mQFuf
8(22 +4Qpz)2  16(22 +4Qp2)"

and, therefore, to the leading order in vy, the velocity dependent potential on the probe

(38)

is
Smepvﬁ

8(22 +4Q,2)

This expression for the effective potential on the probe fundamental string has dif-
ferent dependence on the velocity v and the radial coordinate = from the effective
potential on the light Blon given in Eq. (37). In addition, one also finds disagreement
of the probe moduli metric, which describes the geodesic motion of the probe funda-
mental string, with the moduli metric (36) of Blons, as we see in the following. In
the limit of very small probe velocity (v =~ 0 and v, ~ 0), the on-shell action (9) is

Vet =

(39)

approximated to
1
S = Em]v/dT (vif + Hpot), (40)

to the lowest order in the velocities. The vanishing of the static potential in this on-
shell action is in accordance with the fact that we are considering a BPS configuration.
From the definitions of the probe fundamental string velocities (10), one can see that
the moduli metric of the probe fundamental string is given by

dst = dwdw; + H,dz,dz. (41)

4When m; < mg, the quantities in the center of mass frame are approximated as & =

mima ~
— X M.
mi+mso 1

and p =

12



This moduli metric implies that the probe moves freely along the worldvolume direc-
tions of the Dp-brane, whereas the moduli metric (36) for the Blons describes the
motion under the influence of the velocity dependent central potential.

This disagreement may be traced from the following factors. First, in calculating
the effective action for the probe fundamental string, we assumed that the field con-
figurations are static, uninfluenced by the moving probe fundamental string. As was
done originally in Refs. [16, 17, 18, 19, 20|, when one studies the motion of collection
of interacting solitons (in the low-velocity limit), which is described by the geodesic
motion in the moduli space, one usually takes into account the perturbation (in a
slow-motion expansion) of the original static fields due to non-zero velocities of the
solitons. This is properly done in the case of the interaction of Blons in the above,
but not in the case of the probe fundamental string moving in the source background.
Namely, in the source-probe method, one assumes that source is much heavier than
the probe and therefore the source is uninfluenced by the probe. On the other hand,
in the case of Blon dynamics, first we assumed that all the Blons have the comparable
mass (therefore, the field produced by one Blon is influenced by those of other Blons)
and at the end we let one of the Blons to be much heavier and the others. Second, the
supergravity background (2) in which the probe fundamental string moves corresponds
to the configuration where the source Dp-brane is delocalized along the longitudinal
direction (the y direction) of the source fundamental string. On the other hand, as
for the Blon solution in Eq. (31), the location of the Dp-brane along the longitudinal
direction of the fundamental string is specified by the scalar X. So, although the par-
tially localized supergravity solution (2) has all the parameters of the Blons, i.e. the
charges and the locations of the Blons, it still lacks one special feature of the Blon
solution that a scalar X of the Blon solution specifies the location or the shape of
the Dp-brane along the longitudinal direction of the fundamental string. In the fully
localized supergravity solution, one would expect to see the shape of Dp-brane pulled
by the fundamental string, just like the case of the Blon solution. In the case of the
configurations describing one type of brane within the worldvolume of another type of
brane, we will not encounter with this problem, since there is no relative transverse di-
rection that is delocalized. If one properly takes into account the above observations, it
might be possible to reproduce the moduli metric for the Blon interaction by studying
probe fundamental string moving in the source background of the fundamental strings
ending on Dp-brane.
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3.2 The motion of the probe fundamental string in the overall
transverse space

In this subsection, we study the dynamics of the probe fundamental string whose
motion is restricted to the overall transverse space. In this case, vy = 0 and the
coordinate z is constant in time. Generally, the angular momentum J, in the overall
transverse space and the energy E of the probe fundamental string have the following
forms:

H,20 1
g, =t E:ﬂ[ —1} (42)

J1— HyHpo? Hp |\ /1 — HyHpv?

So, the explicit expressions for the angular momentum and the energy are

mepzél
JL = 5 )
\/1 _ _QuQevd
2(2244Qpz) 2
2 44Q,2)% 1
E my(z® +4Qp2) 2 1], (43)
Qr \/1 __@e@rvy
2(224+4Qpz) 2
where n =6 [n = 7] for p <5 [p= 5], and
mQ,2 40,
J =
1 _ QpQF’Ui
212-2p
6—p 1
g = = 1], (44)
Qr QpQrv?,
1 - 12— 2p

for the delocalized case.

From the above expression for the energy E of the probe fundamental string, one
obtains the following kinetic relation:

1+ LHF
Beltma? s W) W) =Bl - 2 (45)
PR ! H, (1+ Z Hp)?"

where the harmonic functions Hr and H, are given in Egs. (11) and (12). Further using
the expression for the angular momentum J, in Eq. (42), one obtains the following
kinetic relation for the radial motion of the probe:

. 1 1+2LHF J? 1
E=_mp+V(z); V(z)=E[l- o 7 0
stV (2); V(z) = B Hp(1+m£fHF)2]+2mep222(1+m£fHF)2 ()
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So, again the radial motion (along the z direction) of the probe fundamental string is
that of a test particle with mass m; moving in an effective velocity-independent central
force potential V(z).

We notice the qualitative difference in the effective potential (therefore, the quali-
tative difference in the dynamics of the probe) between this case and the case of the
dynamics in the relative transverse space of the source brane configuration with the
effective potential given in Eq. (23). Namely, whereas the effective potential for the
dynamics in the worldvolume direction of the source Dp-brane is affected by the source
Dp-brane only through the Dp-brane charge (), in the harmonic function Hp for the
source fundamental string, in the case of the dynamics in the directions transverse to
the Dp-brane the effective potential explicitly depends on the harmonic function H, of
the Dp-brane. This is expected from the fact that our supergravity field background (2)
for the source is delocalized along the longitudinal direction of the fundamental string:
the probe fundamental string will feel the uniform force field of the same strength (pro-
duced by the source Dp-brane) as it moves along the Dp-brane worldvolume direction.
However, the source Dp-brane is in fact pulled by the source fundamental string and
therefore the probe fundamental string will feel the varying force field of the source
Dp-brane and ultimately hit the Dp-brane as it moves towards the source fundamental
string along the Dp-brane worldvolume direction. This force on the probe fundamental
string due to the source Dp-brane is the bulk counterpart to the force on the Blon due
to the scalar charge of X in Eq. (31). This is one of the reasons for the mismatch of
the probe dynamics in the Dp-brane worldvolume direction and the Blon dynamics, as
pointed out in the previous section.

For the partially localized case, the effective potential in the core region is explicitly

given by
14 _@n%
Qp (1 + (Qpb) 2 ~ )2 2me120 (1 + (Qpb) 2 _ )27
(x2+4sz)7 (3324'4(’2;02)7

where the characteristic scale b has the following form:

V)

£ n
h(QQ, (48)
myQp
and for the delocalized case,
6-p 1 pé—p 2 10—2p 1
V(e) = Bl - ey (19)

Q U+ iZr " 2@ 1+ 5
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where the characteristic scale b is given by:

b= (EQF>E. (50)

my

We now analyze the dynamics of the probe fundamental string moving along the
radial direction z of the overall transverse space. The dynamics is non-trivial for both
delocalized and partially localized cases. We study both of these cases and compare
the differences.

At large distance z > b from the source, the effective potential V(2) in Eq. (46)

takes the following form:
3E J? 2F
Viss — B[l = (1~ LI rorl -
Qy 2my(2? +4Qpz2)2 2myQ? my(2? 4+ 4Q,z

for the partially localized case, and

207P 3EQFr J3 1072 2EQr
(1

@y

for the delocalized case. Due to the presence of the Dp-brane, the usual repulsive

potential of the source fundamental string (the part of the potential which is indepen-

dent of J,) gets an additional potential contribution from the source Dp-brane. In the

delocalized case (Eq. (52)), the repulsive force due to the probe fundamental string is
completely “screened” by the source Dp-brane and the probe feels the repulsive force

b 6D

Vesy — E[1 - (52)

B 2m p26-p 2m Q2 B myz0-p”

due to the Dp-brane, only. However, when the source fundamental string is localized
at the source Dp-brane, the probe feels some repulsive contribution in the effective
potential which signals existence of the source fundamental string. The (repulsive)
centrifugal potential (J, dependent term) on the probe is again suppressed due to the
presence of the Dp-brane and is not repulsive any more. (The term m}]% in Eq. (46)
becomes a standard centrifugal potential term, if the source Dp-brane is absent, i.e.
H, =1.) In the case of the partially localized case, this term does not give rise to the
force on the probe (ignoring the subleading Qr dependent term). However, when the
source fundamental string is delocalized, the probe still feels a J, dependent attractive

force (to the leading order, ignoring the subleading Qr dependent term).

At short distance z < b from the source Dp-brane and very close to the source
fundamental string (x < /Q,b), the effective potential is approximated to

myJi

my 2 5 2 n
Vet oar/om 7~ 20, Fz(x +4Qp2)? + m(x +4Q,2)", (53)
for the partially localized case, and
my  12-2 mpdt
V. E——— Pp P 54
<b — 2QpQFZ +2E2Q§Q%Z (54)
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for the delocalized case. The usual (J, independent) repulsive potential term due to
the source fundamental string is suppressed by the contribution from the source Dp-
brane. Again, the repulsive centrifugal potential is completely suppressed and becomes
attractive.

We now study the motion of the probe along the radial direction z of the overall
transverse space. The turning point z, where the radial velocity Z vanishes, of the
probe’s motion is given by the root of the following equation:

(@b): 1
222 +4Q,2)7 Q2

1+ (55)

where b is given in Eq. (48) and b, = J, //2m¢E. In the delocalized case, the turning
point z satisfies the following equation:

w2

—— = A 56
2,6—p sz ’ (56)

1+
where b is given in Eq. (50). In the partially localized case, there is always one turning
point at positive z when J, # 0, whereas there is no turning point for the J, = 0
case. In the delocalized case, when the angular momentum is non-zero, there is (¢) one
turning point at positive z for p < 4, (i) one turning point at positive z [no turning
point] for a sufficiently large [small] value of J, for p =4, and (4i¢) one turning point
at z = 02/Q, — b/2 (b? > Q,b/2) for p = 5, whereas there is no turning point for
the J, = 0 case. Furthermore, the force on the probe along the radial direction z,
ie. F(z) = —%ﬁf), is always positive [vanishes| at z = 0 when > 0 [z = 0] in the
partially localized case. In the delocalized case, the force always vanishes at z = 0. So,
the motion of the probe fundamental string along the z direction can be summarized
as follows. In the partially localized case, away from the source fundamental string
(x > 0), the probe fundamental string will always bounce back as it approaches the
source Dp-brane, but can be eventually absorbed by the source Dp-brane when the
probe approaches the Dp-brane inside of the worldvolume of the source fundamental
string (x = 0). In the delocalized case, the probe with J; = 0 will always be absorbed
by the source Dp-brane. This seems to be due to the fact that the source fundamental
string is delocalized on the source Dp-brane, i.e. is uniformly distributed over the
worldvolume of the Dp-brane. When the probe has non-zero angular momentum J,
the probe will bounce back as it approaches the Dp-brane for the following cases: (i)
p < 4, (i) the sufficiently large value of J, with p = 4, and (iii) b? > Q,b/2 with
p = 5. Otherwise, the probe will always be absorbed by the source as it approaches
the Dp-brane.
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